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N utritional depletion of taurine causes the degeneration of photoreceptors in cats. 1 Various studies have investigated the role of taurine in retinal diseases affecting photoreceptors, such as retinitis pigmentosa (see below). It was shown that taurine supplementation added to diltiazem and vitamin E improves photoreceptor survival in this disease. 2 However, no study has demonstrated taurine deficiency in this hereditary disease. [3] [4] [5] Taurine is present at high levels in tissues such as eyes and muscles and taurine uptake can vary greatly according to diet. 6 Its importance for the human retina was demonstrated by the observation of a functional deficit in patients receiving parenteral nutrition lacking taurine. 7, 8 We recently discovered that patients treated with vigabatrin for infantile spasms show a decrease of their plasma taurine concentration. 9 This may explain the visual constriction observed in vigabatrin-treated patients. 10 The toxicity of the molecule was attributed, not only iovs.arvojournals.org j ISSN: 1552-5783 to photoreceptor loss, but also to a primary lesion at the site of retinal ganglion cells (RGC) leading to the loss of optic fibers. [11] [12] [13] [14] Following the initial discovery in cats, 1 a taurine-free diet was also found to generate photoreceptor lesions in baby monkeys. 15 Pharmacological treatment was required to produce taurine depletion in rodents and induce photoreceptor degeneration. 16 The genetic invalidation of the taurine transporter (Tau-T) in knock-out mice also resulted in substantial photoreceptor degeneration. 17 We have observed cone loss prior to rod alterations in animal studies to examine the retinal toxicity of the antiepileptic drug vigabatrin. 9 Clinical reports of a primary lesion site in RGCs led us to examine the fate of these cells in vigabatrin-treated rats. We found that RGCs degenerate in vigabatrin-treated rats and that taurine supplementation prevents this RGC loss. 18 The parallel degeneration of cone photoreceptors and RGCs was also observed under taurine depletion generated in mice fed with guanidoethane sulfonate (GES), a taurine transporter blocker. 19 The direct effect of taurine on RGCs was then demonstrated using pure RGC cultures and different models of RGC degeneration. 6 Taurine depletion acts synergistically with light to trigger the photoreceptor lesion 9, [20] [21] [22] and photoreceptor loss appears to be more severe in the dorsal area, as it does for light damage. [23] [24] [25] However, these studies did not include RGC counts and the conclusions were drawn from data based on retinal sections alone. This study 19 considered the whole cone cell populations irrespectively of the S-or L-opsin specificity and the asymmetric dorsoventral distributions of these cone subtypes. In the present study, we have examined the distribution of cell loss for S-and L-cones and RGCs under taurine deficiency induced by the administration of GES through the drinking water.
METHODS

Animals and Treatment
Two-month-old male BALB/cJRj mice (Janvier, Saint Isle, France) were divided into a control group of mice drinking GES-free water (Control group) and a group of mice treated with GES (Toronto research chemical Inc., North York, ON, Canada) through the drinking water at a concentration of 1% for 2 months (GES-treated group). 19 Both groups of mice were provided with laboratory chow and tap water ad libitum. Animals were maintained on a 12 hour light/12 hour dark (LD) cycle under standard lighting conditions (85 lux) below the lamps in the center of the room and 5 lux in the individual cages. All experiments were carried out in accordance with the European Community Council Directives (86/609/EEC) and with the ARVO statement for the Use of Animals in Ophthalmic and Visual Research.
SD-OCT Imaging
Spectral-domain optical coherence tomography (SD-OCT) was performed on both eyes and averaged from each animal after 2 months of GES treatment. The pupils were dilated with Tropicamide (Mydriaticum, Théa, France) and phenylephrine (Néosynephrine, Europhta, France). The animals were anesthetized by inhalation of Isoflurane (Axience, Paris, France) and placed in front of the SD-OCT imaging device (Bioptgen 840 nm HHP; Bioptgen, Durham, NC, USA). The eyes were kept moist with 9% NaCl during the whole procedure. Image acquisitions were performed using the following parameters: rectangular scan/1000 A-scan per B-scan/100B-scan 1 frame or 4B-scans 16 frames. The acquired images were saved as .AVI files and processed using Fiji software (in the public domain, at http://fiji.sc/Fiji). The thickness of retinal layers was manually measured on maximum projection images in an axis perpendicular to the individual layers and 500 lm from the center of the optic nerve. 26 Electroretinograms Electroretinograms (ERG) were performed on all mice from the two experimental groups (Control and GES-treated). After overnight dark adaptation, the mice were anesthetized with ketamine (100 mg/kg; Virbac, Carros, France) and Xylazine (10 mg/kg; Axience, Pantin, France). Eye drops were used to dilate the pupils (0.5% tropicamide) and anesthetize the cornea (0.4% oxybuprocaine chlorhydrate). The body temperature was maintained at 378C using a heating pad. The upper and lower lids were retracted to keep the eyes open and bulging. Custommade gold contact lens electrodes were placed on the corneal surface to record the ERG (Espion; Diagnosys LLC, Littleton, MA, USA). Needle electrodes placed subcutaneously in cheeks served as reference and a needle electrode placed in the back served as ground. Recordings were made from both eyes, simultaneously, and measures were averaged for each animal. The light stimulus was provided by a Ganzfeld stimulator (Espion, Diagnosys LLC, Littleton, MA, USA). The responses were amplified and filtered (1-Hz low and 300-Hz high cut off filters) with a 1-channel DC-/AC-amplifier.
Two levels of stimulus intensity of 3 and 10 cd.s.m 2 were used for the dark-adapted ERG recorded. Each scotopic ERG response represents the average of five responses from a set of five stimulation flashes. To isolate cone responses, a 5-minute light adaptation at 20 cd.m 2 was used to saturate rod photoreceptors. A stimulus intensity of 10 cd.s.m 2 was used for the light-adapted (photopic) ERGs. Flicker light stimulation was performed at 10 Hz and the responses were averaged over a 40-second stimulation period. Each scotopic, photopic, and flicker response represents the average of 10 measures. The major components of the ERG were measured conventionally. 27 All comparisons were performed at an intensity of 10 cd.s.m-2 (scotopic and photopic responses).
Blood and Tissue Samples
Animals were anaesthetized with ketamine (100 mg/kg; Virbac) and Xylazine (10 mg/kg; Axience). Blood samples were collected in hemolysis tubes containing heparin (14 IU/ ml). After centrifugation, plasma was removed and frozen at À208C until used for amino acid analysis.
The animal was transcardially perfused with 4% paraformaldehyde (PFA) in PBS (0.01 M, pH 7.4) after a saline rinse. Just after deep anesthesia, a suture was placed on the dorsal pole of each eye. Retinas were dissected as wholemounts by making four radial cuts (the deepest one in the dorsal pole), post fixed for an additional hour in 4% PFA and kept in PBS until further processing. For cross-sectional analysis, eyes were enucleated, then the cornea, iris, and lens were removed and eyecups were cryoprotected following previously described methods. 19 
Plasma Taurine Level
Samples were deproteinized with a 30% (wt/vol) sulfosalicylic acid solution and the supernatants stored at À808C until analysis. Amino acids were measured by ion exchange chromatography with ninhydrin detection after dilution of the samples with a lithium citrate buffer containing Dglucosaminic acid and amino-ethylcysteine as internal standards using an amino acid analyzer (AminoTac, JLC-500/V; Jeol, Tokyo, Japan). 28 The results of our participation in the European Quality Control Scheme (ERNDIM, Maastricht, the Netherlands) indicate the accuracy of our amino acid determinations.
Immunohistochemistry
After permeabilization and saturation, retinal wholemounts and cross-sections were incubated first with primary antibodies overnight and then with secondary antibodies for 1 hour. After washing, retinas were flat-mounted on slides. The left eye from each animal was used to study the RGC population, and the right eye was used to study cone population. For retinal cross-sections, cell nuclei were revealed incubating them with 4 0 ,6-diamidino-2-phenylindole (10 lg/mL; DAPI, Sigma-Aldrich, St. Louis, MO, USA). Inner/outer segments of cone photoreceptors were stained with a peanut agglutinin lectin conjugated to Alexa Fluor 594 (PNA, 1:40; Molecular Probes, Invitrogen, Carlsbad, CA, USA) overnight at 48C. Sections were then rinsed and mounted with Permafluor reagent (Microm, Francheville, France). The antibodies are described in the Table. Image Acquisition Each retinal wholemount was acquired using an Inverted Microscope, (Nikon Eclipse Ti; Nikon, Tokyo, Japan) controlled by Metamorph software (Molecular Devices, Sunnyvale, CA, USA) in multiple frames. Individual frames were tiled to reconstruct the wholemounts using Metamorph software.
Retinal cross-sections were acquired using an Olympus FLUOVIEW FV1000 confocal laser scanning microscope (Olympus, Tokyo, Japan).
Automatic Quantification of the Total Population of Brn3a-Positive RGCs in Wholemounted Retinas
The individual fluorescent images taken from each retinal wholemount were processed with a specific adaptation of the previously published cell-counting routine 29 to automatically quantify Brn3a þ RGCs in naïve and injured retinas. Briefly, we used the IPP macro language to apply a sequence of filters and transformations to each image to clarify cell limits and separate individual cells for automatic cell counting.
This new adaptation of the Brn3a automatic counting method was validated by having three different experienced investigators manually count, in a masked fashion, a total of 16,719 Brn3a þ RGCs present in 10 frames, representing different RGC density regions, which were randomly selected from nine wholemounted naïve and experimental retinas. These results were plotted against the counts obtained automatically (15,922 cells). There was a strong correlation between both methods (Pearson correlation test, r 2 ¼0.965) thus validating the automatic quantification of Brn3a þ RGCs.
Automatic Quantification of the Total Population of S-opsin þ and L-opsin þ cones in Wholemounted Retinas
Automated counting routines were adapted in a single counting routine to quantify the S-opsin þ and L-opsin þ cones. This routine quantified positive cell segments present in the retina. This routine has been previously described in detail. 30 The adaptation of the counting method was validated by having three different experienced investigators manually count, in a masked fashion, a total of 42,710 segments present in 20 frames, representing different cone density regions, which were randomly selected from eight wholemounted naïve and experimental retinas. These results were plotted against the counts obtained automatically (43,156 cells). There was a strong correlation between both methods (Pearson correlation test, r 2 ¼ 0.915) thus validating the automatic quantification of cone segments.
Isodensity Maps
The detailed spatial distribution of Brn3a þ RGCs and S-and Lcones over the entire retina was obtained through quadrant analysis, and demonstrated using isodensity maps constructed as previously described. 30, 31 The only difference was that each frame was divided into 16 areas of interest instead of 36; the studied quadrants had an area of 0.03 mm 2 .
Statistical Analysis
All data are expressed as the mean 6 SEM. Statistical analysis was performed using Sigma Stat 3.1 for Windows (Sigma Stat for Windows TM version 3.11; Systat Software, Inc., Richmond, CA, USA) or GraphPad Prism (GraphPad Prism Software, Inc. San Diego, CA, USA). For retinal populations, the ANOVA test followed by Tukey's post hoc test was used when comparing more than two groups, and the Mann-Whitney U or t-test were used when comparing only two groups. For plasma, OCT, and ERG, statistical comparisons were performed using either the unpaired Student's t-test or nonparametric Mann-Whitney U test. Differences were considered to be significant when P less than 0.05.
RESULTS
Taurine Plasma Levels
Guanidoethane sulfonate is a known blocker of the Tau-T. We measured taurine levels in the plasma collected when the animals were killed to verify the efficacy of GES administration. In GES-treated mice, the plasma taurine levels were significantly lower relative to those in untreated control animals (P < 0.0001; Fig. 1 ). This result confirms the efficacy of the GES treatment on taurine distribution. 
Retinal Function
Retinal cell function was investigated in GES-treated animals by ERG recordings. Under scotopic conditions (flashes of 10 cd.s/ m 2 ), the ERG a-wave signal provides an in vivo measure of the dynamic response from rod photoreceptors whereas the ERG b-wave-signal provides information about activity in the inner retina. After 2 months of GES treatment; the a-wave amplitude was reduced by 23% indicating moderate dysfunction of rod photoreceptors (GES-treated group: 114.1 6 8.5 lV, n ¼ 12; control group: 149.6 6 12.9 lV, n ¼ 10, P ¼ 0.0169; Fig. 2A ). The amplitudes of the ERG b-wave were reduced by 60% in the GES-treated group (GES group: 123.4 6 67.7 lV, n ¼ 12; control group: 312.5 6 80.9 lV, n ¼ 11, P < 0.0001; Fig. 2B ), suggesting a stronger effect of the treatment on the inner retina. Photopic ERG recordings were also performed to assess the function of the cone pathway. Light flashes (10 cd.s/m 2 ) were applied on a background light used to saturate rod photoreceptors. In GES-treated animals, amplitudes of the photopic ERG were significantly decreased by 53% when compared with nontreated, control mice (GES group: 20 6 3.9 lV, n ¼ 12; control group: 42.6 6 4.7 lV, n ¼ 10, P ¼ 0.0026; Fig. 2C ). We measured responses to flickering light, which cannot be followed by rod photoreceptors, to further confirm this dysfunction in the cone pathways in the GES-treated animals. A significant decrease (47%) in the amplitudes of the 10-Hz flicker response was observed in GES-treated mice relative to nontreated, control mice (GES group: 9.3 6 1.1 lV, n ¼ 12; control group: 17.8 6 2.1 lV, n ¼ 10, P < 0.0012; Fig.  2D ). These results confirm that administration of GES in the drinking water, and consequent taurine depletion, induce retinal dysfunction and may lead to functional changes of the inner retina.
In Vivo Retinal Thickness
We examined the retina of living animals with an SD-OCT to see if the functional deficit was associated with changes detectable in vivo. After 2 months of GES treatment, the retina was significantly thinner relative to the retinal thickness in nontreated, control mice (GES group: 265.6 6 2.8 nm, n ¼ 12; control group: 287.1 6 2.6 nm, n ¼ 10, P < 0.0001; Fig. 3 ).
The measurement was reiterated in each quadrant to see whether the retinal thinning preferentially affected a specific quadrant or the whole retina. We observed the decrease in thickness in all quadrants indicating a homogeneous change throughout the retina. The reduction of the RNFL thickness was also analyzed with SD-OCT, but we found no significant differences (data not shown).
Total Population and Spatial Distribution of Cones
Our previous study had reported a loss of cone photoreceptors on retinal sections. 19 This cell count did not provide an overview of the cellular loss or specify if one population of cones was more affected than the other. We thus immunolabelled the retina for the S-opsin þ and L-opsin þ cones to quantify the numbers of both populations in GES-treated and nontreated, control animals. This allowed us to build isodensity maps of both cone populations (please see references above) in which densities are translated into colors using a scale that goes from purple (0 cones/mm 2 ) to red (the maximum), according to the population studied. Automatic quantification of the total population of L-opsin þ and S-opsin þ cones revealed that, in the BALB/c strain, the number of cones expressing S-opsin is higher than those expressing L-opsin in nontreated mice (Figs. 4A-C, 4E, 5A-C, 5E). The topography of S-cones in the nontreated, control animals showed a higher density in the ventronasal region of the retina, which gradually decreases along a gradient toward the dorsotemporal region of the retina (Fig. 4C) . The higher number of S-opsin þ cones and their topography are in accordance with previous studies performed in other strains of albino mice (Figs. 4A-C, 4E, 5A-C, 5E). 30, 32 Isodensity maps for GES-treated animals showed a decrease in warm colors throughout the retina relative to untreated animals, but mainly in the dorsotemporal region of the retina (Fig. 4D ). This suggests that the decrease of S-opsin þ cones is higher in the dorsal retina in the taurine depleted animals. We quantified the loss of S-opsin þ cones over the entire retina, showing a 36% decrease for the GES-treated animals relative to control mice (Control: 119,182 6 13,392 S-opsin þ cones [n ¼ 11]; GES-treated 75,690 6 11,086 S-opsin þ cones [n ¼ 11]). This difference was statistically significant (P < 0.05).
The topography of L-opsin þ cones showed a higher density around the optic nerve that decreased gradually from the center to the periphery with a slightly greater density in the dorsal retina. This distribution is similar to that observed in previous studies in naïve animals from albino strains (Figs. 5A-C). 30 We observed a greater decrease in warm colors in the dorsal region of the retina in the GES-treated animals (Fig. 5D ) suggesting that the decrease of L-opsin þ cones is higher in this region of the retina in the taurine-depleted animals. We quantified the loss of L-opsin þ cones over the entire retina of the GES-treated animals, showing a significant difference of 27% relative to the control animals (Control: 101,140 6 12,790 L-opsin þ cones [n ¼ 11]; GES: 73,417 6 17,008 L-opsin þ cones [n ¼ 11]). These results suggest that S-opsin þ cones appear to be more sensitive to taurine deprivation than L-opsin þ cones even if both populations are affected.
Cone Morphologic Changes
To study further the dysfunction of cone photoreceptors, we performed immunolabeling on retinal cross-sections against another protein involved in cone light response, the cone arrestine. Figure 6 illustrates the change in cone arrestine distribution in the retina of GES-treated animals. First, the number of cone photoreceptors appeared reduced in the GEStreated animals compared with control ( Figs. 6A, 6B ) as demonstrated above with the cell counting. More importantly, the immunostaining of cone outer segments was less regular and straight than in control animals and the staining of cone synaptic terminals became shrunk and irregular (Figs. 6A, 6B) . By contrast, the PNA staining of the cone outer segment extracellular matrix seemed morphologically unchanged although reduced in number (Fig. 6C, 6D ). On these retinal sections, the retinal thickness was not greatly modified as previously observed by OCT. Even, the number of cell rows in the outer nuclear layer (ONL) was unchanged consistent with an absence of major rod photoreceptor loss. These observations are consistent with an earlier alteration of cone photoreceptors in GES-treated animals.
Total Population and Spatial Distribution of Brn3a þ RGCs
We previously reported that RGCs degenerate under taurine depletion but this was only shown on retinal sections. 19 Here, we examined the distribution of Brn3a þ RGCs in the control and GES-treated animals. Brn3a þ RGCs were denser in the central retina with a higher density of RGC above the optic nerve (Fig. 7A, 7C ). We observed a decrease in the warm colors on the isodensity maps for the GES-treated animals (Fig. 7D) , which seemed to be distributed throughout the entire retina. When quantified throughout the whole retina, Brn3a þ RGCs were decreased by 12% in GES-treated animals relative to nontreated controls ( Fig. 7D ; control: 44,049 6 1505 RGCs, n ¼ 12; GES-treated: 38,411 6 4457 RGCs, n ¼ 12). This difference was statistically significant (P < 0.05). The total number of Brn3a þ RGCs found in the control retinas is in accordance with previously published data, 33, 34 and indicates that the loss of RGCs was less severe than that of cone cells.
DISCUSSION
We have characterized, for the first time, the damaging effect of taurine depletion on the entire population of RGCs, S-opsin and L-opsin þ cones in the mouse retina. Taurine depletion was verified by measuring taurine in plasma, confirming that chronic treatment with GES, a structural analog of taurine, causes a significant decrease in plasma taurine levels. 19 Guanidoethane sulfonate administration has been previously shown to decrease taurine levels in the heart, liver, and cerebellum. 35 
Taurine Depletion Causes Cone Loss in the Mouse Retina
It has been widely accepted that taurine plays an important role in photoreceptor survival since the 1970s when cats fed a taurine-free diet were found to become blind. 1 Subsequent studies confirmed photoreceptor degeneration in taurinedepleted animals using pharmacological strategies, a taurine free diet, or genetic knockout of the taurine transporter. However, these studies did not investigate which cell type was more sensitive to taurine depletion. 16, 17, 36 In our first paper on vigabatrin-induced retinal toxicity, we reported that cone degeneration appears earlier than rod lesions. 23 The subsequent demonstration of taurine depletion in vigabatrin-treated animals 9 showed that the sequential degeneration of cones, followed by that that of rods, is a feature of taurine depletion. Thus, in the present study, we similarly demonstrated an earlier cone degeneration with apparently no rod degeneration. However, the dysfunction of rod photoreceptors is demonstrated by the reduction of scotopic ERG a-wave amplitudes. The greater reduction of both the photopic and flicker ERG measurements is consistent with a greater effect of taurine depletion on the cone pathway. This confirms that taurine deficiency induces retinal dysfunction in the cone pathway, as previously described by our group. 19 Here, we demonstrate a decrease in the total cone population using our recently described methods that allow us to count the total cone population and visualize their spatial distribution. 30 This confirms our previous results based on retinal sections. 19 In this previous study, retinal morphology was analyzed and disorganizations of the ONL, as well as changes in bipolar cells were described. 19 We observed that S-opsin þ cones were more affected than L-opsin þ cones. Greater degeneration of S-opsin þ cones has also been reported in an animal model of Leber congenital amaurosis, 37 but the degenerative mechanism appears to be related to protein mistrafficking and endoplasmic reticulum stress, whereas taurine depletion may instead be related to an increase in oxidative stress and light damage.
Previous studies have suggested that S-opsin þ cones are more sensitive to light damage than L-opsin þ cones. 32, 37 In addition, it is known that taurine depletion acts synergistically with light to induce photoreceptor loss. [20] [21] [22] This synergistic effect suggests that taurine depletion is likely to affect photoreceptor survival by decreasing their sensitivity threshold to light damage. S-opsin þ cones are naturally more sensitive to taurine depletion because they are more sensitive to light damage (Glosmann M, et al. IOVS 2007;48:ARVO E-Abstract 1343). 32 This effect on the threshold to light damage may explain why retinal lesions are only seen in albino rodents. Indeed, the retinas of albino mice receive 70-fold more light than those of pigmented animals. 38 Daily light exposition can thus induce photoreceptor degeneration within a few months in taurine-depleted albino rodents, despite very low light levels in animal facilities. The limitation of light exposure by eye pigmentation may explain why several years are required to induce cone dysfunction in vigabatrin-treated patients, despite higher light exposition under natural conditions. 39 Our observation of preferential S-opsin þ cone loss in GES-treated mice is consistent with the color vision dysfunction exhibited by vigabatrin-treated patients with a greater alteration of blue sensitivity. 40 This study suggests that taurine supplementation may provide neuroprotection in diseases of photoreceptor loss with earlier S-opsin þ cone degeneration.
To confirm that taurine deficiency affects retinal function, scotopic and photopic ERGs were performed, showing that taurine deficiency causes a reduction in both ERG patterns. However, further studies are needed to correlate the respective cell losses of the different cone populations to specific ERG recordings measured using different wavelengths of light stimulation.
Taurine Depletion Causes RGC Loss in the Mouse Retina
In early experiments on taurine depletion, RGC loss and optic nerve fiber reduction were reported in addition to the massive loss of photoreceptors in GES-treated animals. 41 It was suggested that RGC loss was secondary to photoreceptor degeneration, as in retinal dystrophies, regardless of the etiology of the degeneration, whether inherited [42] [43] [44] or induced by phototoxicity. 24, 25 However, secondary RGC degeneration is highly delayed relative to photoreceptor loss. Retinal ganglion cell loss in taurine-depleted animals occurs in parallel to cone photoreceptor degeneration, 18, 19 whereas RGC loss in retinal dystrophies begins after the almost complete loss of photoreceptors. 25, 44 Here, we further demonstrate that taurine depletion induced degeneration of the RGC population is parallel to that of the cone populations. Moreover, the cone losses are greater than the RGC loss. We also show that RGC loss is homogenous throughout the entire retina whereas the loss of cones appears to be greater in the dorsal retina. These results were obtained by counting the entire RGC population on flat-mounted retina using our previously described technique (please see references above). Retinal ganglion cells were identified by Brn3a immunolabeling because it labels the vast majority of RGCs in rodents. 29, 45, 46 The observed RGC loss was confirmed by the reduction of scotopic ERG b-wave amplitudes indicative of RGC dysfunction. Indeed, a reduction in b-wave amplitude was also reported in different animal models of glaucoma even with minor RGC loss. [47] [48] [49] A direct insult to RGCs under conditions of taurine depletion is also supported by a histopathological study of the retina from a vigabatrin-treated patient suggesting that RGCs were the primary site of the lesion. 11 Indeed, we have shown that pure RGCs survive better in culture with the addition of taurine in the medium, 49 consistent with the notion that in vivo taurine depletion can directly induce RGC degeneration. This RGC loss is consistent with the RGC degeneration observed in vigabatrin-treated animals also exhibiting taurine depletion. 18 The homogeneous cell loss across the retina observed in the present study suggests that similar homogeneous RGC degeneration occurs in vigabatrin-treated animals. This is strikingly different from the greater dorsal lesions of the photoreceptor layer. 23 This difference may reveal different degenerative mechanisms or cell sensitivities to oxidative stress across retinal tissue. Cone cell degeneration in taurine-depleted animals appears to be related to light damage as shown by the synergistic effect of light and taurine depletion. [20] [21] [22] Although RGC are not expected to be sensitive to light, many reports have demonstrated that oxidative stress is a key component of RGC dysfunction and degeneration in retinal diseases such as glaucoma. 50 However, some reports provide evidence for light damage in RGC models suggesting that these cells could also be sensitive to light damage when deprived of antioxidants, such as taurine. 6, 51, 52 This is consistent with the demonstration of oxidative stress as a major contributor to RGC degeneration during glaucoma. 50 A decrease in antioxidant defense is suggested, for example, by the decrease of blood levels of the antioxidant, glutathione, in primary openangle and normal-tension glaucoma patients. 53 Further studies are needed to demonstrate the role of light in RGC degeneration under conditions of antioxidant deprivation.
To our best knowledge, this is the first time that the total populations of RGCs and both types of cones (both L and S) have been studied in details in the taurine-depleted retina. Here, we show a higher affectation of the S-cone population than the L-cone population. It remains unclear if this greater Scone loss is related to their short wavelength and blue sensitivity because blue light is particularly phototoxic, 54, 55 and/or because blue S-cones appear more sensitive to oxidative stress.
In summary, we confirm that taurine depletion causes RGC and cone (both L-and S-cones) degeneration. Moreover, we establish, for the first time, a gradient of retinal cell loss in taurine depleted mice as follows: (1) S-opsin þ cones, (2) Lopsin þ cones, and (3) RGCs. This gradient suggests that different mechanisms may be responsible for cellular degeneration and that susceptibility to light damage may play a role in determining this pattern of degeneration. Further studies are needed to clarify the role of light in retinal degeneration under taurine deprivation.
